Two Pseudomonas strains known to utilize furan derivatives were shown to respond chemotactically to furfural, 5-hydroxymethylfurfural, furfuryl alcohol, and 2-furoic acid. In addition, a LysR-family regulatory protein known to regulate furan metabolic genes was found to be involved in regulating the chemotactic response.
F
uran derivatives are heterocyclic, five-membered aromatic rings, consisting of four carbon atoms and one oxygen, that are used industrially as solvents and chemical precursors (5) . Although naturally occurring in the environment (35) , they are also formed by the Maillard reaction, and for this reason furan aldehydes are present in biomass sugar preparations that have been pretreated with dilute acid. This pretreatment method, which involves incubation of fibrous biomass in dilute H 2 SO 4 under heat and pressure, generates furfural and 5-hydroxymethylfurfural (5-HMF) from pentose and hexose sugars originating from hemicellulose and cellulose (12) . Although furan aldehydes are microbial inhibitors, a number of microbes can utilize these compounds as a source of carbon and energy (2-4, 11, 19, 33-37, 39) . The ability of selected microbes to dissimilate furfural and 5-HMF is the basis for a biological abatement strategy for detoxification of microbial inhibitors, including furfural and 5-HMF, in biomass hydrolysates (19, 22, 24, 37) .
An aerobic pathway for furfuryl alcohol (FA), furfural, and 2-furoic acid (2-FA) degradation was initially proposed for Pseudomonas putida Fu1 and Pseudomonas F2 (13, 14, 34) , and some accessory genes involved in furan metabolism were cloned from P. putida Fu1 (23) . The complete complement of genes for conversion of furfural and 5-HMF to 2-oxoglutarate has been cloned from Cupriavidus basilensis HMF14 (15) . The pathway includes enzymes for the sequential oxidation of FA and furfural to 2-FA, along with a furoyl-coenzyme A synthetase and a molybdenumdependent dehydrogenase. Following lactone hydrolysis, which may occur spontaneously, removal of the coenzyme A moiety is catalyzed by 2-oxoglutaroyl coenzyme A thioesterase. Metabolism of 5-HMF also proceeds via furoic acid (15) .
Motile bacteria are capable of chemotaxis to a variety of carbon sources. Paradigms were established initially for chemotaxis to sugars and amino acids by Escherichia coli, Salmonella, and Bacillus subtilis (30) , with an increasing diversity of chemotactic mechanisms having been described more recently (16, 21) . The broad chemotactic capability of pseudomonads, long noted for metabolic diversity (31) , has also been recognized (28) . Chemotaxis of Pseudomonas has been reported for aromatic acids (8) , chlorinated benzoates (7), nitro-and aminobenzoates (26) , benzene, toluene, and trichloroethylene (10, 27) , naphthalene (6), atrazine (17), 2,4-dichlorophenoxyacetate (2,4-D) (9) , and pyrimidines (18) , and the importance of chemotaxis in bioremediation efforts has recently been addressed (25, 29, 32) . Chemotaxis to furan compounds has not been reported previously; here, we describe the behavioral response of two Pseudomonas strains to furfural, 5-HMF, FA, and 2-FA.
Pseudomonas putida Fu1 (13) and Pseudomonas sp. strain A3 (19), both originally isolated for their ability to degrade furan molecules, were inoculated into 0.3% soft-agar minimal medium swarm plates (28) containing 0.5 mM 5-HMF, 1.0 mM furfural, or 0.5 mM 2-FA and incubated at 30°C for 24 to 36 h. As the cells metabolize the low concentration of attractant present in the soft agar, they follow a self-generated concentration gradient, resulting in the presence of a sharp ring of growth that spreads from the original point of inoculation and indicating a chemotactic response. Swarm plate assays (Fig. 1 ) demonstrated that strains Fu1 and A3 are attracted to furan molecules or potentially their metabolic intermediates, as metabolism is required for this assay. Subsequently, agarose plug assays (28, 38) were used to assess the ability of these strains to detect furans in a temporal manner over 10 minutes. Overnight cultures of Pseudomonas sp. strain A3 and P. putida Fu1 were grown in 5 mM 2-FA, harvested, and resuspended in chemotaxis buffer (CB) (7) to an A 660 of 1.0. Motile cell suspensions were added to a chamber such that they surrounded a low-melting-temperature agarose plug containing CB (negative control), 2% Casamino Acids (CA; positive control), or 1.0 mM 2-FA or FA. As the attractant diffuses out from the agarose plug into the surrounding environment, and if the cells are attracted to the compound, cells accumulate at the optimal attractant concentration, resulting in a characteristic white ring of cells that typically forms around the periphery of the agarose plug. Each white cell ring was assessed microscopically to ensure that the cells that had accumulated were motile. Initial images taken at time zero for both strains and all attractants showed the same diffuse suspension of cells. After a 10-min incubation at room temperature, a white ring of motile cells developed around the agarose plugs containing CA and 2-FA, while areas closest to the plug were devoid of cells. This result demonstrates that the cells can detect 2-FA in a spatial gradient and are not reliant on a self-generated gradient based on growth on 2-FA ( Fig. 2A) . P. putida Fu1 was also shown to detect FA under the same assay conditions (Fig. 2B) .
The inducible nature of chemotactic responses to aromatic hydrocarbons and acids has been well established (29) ; therefore, quantitative capillary assays (1, 8) were conducted to determine if the response to 2-FA in P. putida Fu1 was inducible. Cells grown in 10 mM pyruvate (PYR) or 2-FA were harvested, washed, and resuspended in CB to an A 660 of 1.0. The motile cell suspension was inserted into a chamber containing 1-l capillary tubes loaded with CB, 2% CA, or 10-fold dilutions of 2-FA ranging from 500 to 0.05 mM. The cells were allowed to chemotactically respond to the attractant diffusing from the capillaries for 30 min at 30°C. The capillary tubes were then removed from the chambers, and the contents were emptied in order to quantitate (by serial dilution and growth on agar plates) the number of bacteria that had responded by swimming toward the attractant and into the capillary. As shown in Fig. 3 , the response of P. putida Fu1 to 2-FA is inducible by growth on 2-FA, as the number of cells that responded to 2-FA at any concentration when grown in the presence of PYR was not significantly different from the number responding to buffer alone. However, P. putida Fu1 chemotactically responded to an optimum concentration of 5 mM 2-FA when grown on 2-FA.
As shown in Fig. 2 , the responses of strains Fu1 and A3 were qualitatively different, even when the strains were responding to a positive control such as CA. It has been our experience that different strains can respond differently to the same chemoattractants, as some strains are naturally more motile than others. This was evident in this study, as strain A3 clearly had a weaker overall chemotactic response to both CA and 2-FA in qualitative assays ( Fig. 1 and 2 ). Strain A3 was therefore not tested further in the quantitative capillary assays, because of its overall weaker response.
Because the chemotactic response of P. putida Fu1 to 2-FA was shown to be inducible, we investigated the role in chemotaxis of a regulatory protein, PsfB, known to affect the expression of genes involved in furan metabolism (23) . Strain PSF2 is a kanamycinresistant mutant derived from Fu1 by minitransposon mutagenesis. PSF2 harbors the transposon in psfB, a LysR-type regulatory gene, and is incapable of growth on furfural and 2-FA (23). LysR attracted to furan molecules. Soft-agar minimal medium swarm plates containing 0.5 mM 5-HMF, 1.0 mM furfural, or 0.5 mM 2-FA were inoculated with cells at the center of the swarm plate and incubated at 30°C for 24 to 36 h. As cells metabolize the attractant, they follow a self-generated concentration gradient, forming white concentric circles of cellular growth. Succinate (1.0 mM) swarm plates served as positive controls. Images were taken using backlighting to visualize the outward growth patterns generated by attracted cells. Images shown are representative of assays conducted in triplicate. family regulators typically activate transcription in the presence of an inducing molecule (20, 23) . When grown in inducing conditions (PYR plus 2-FA), strain PSF2 did not respond to 2-FA, as assessed by agarose plug assays (Fig. 4. ) However, when PsfB was produced in trans in mutant PSF2 under inducing conditions, the chemotactic response was restored to wild-type levels. As shown in Fig. 4A , a slight positive chemotactic response to 2-FA was also detected when the complemented strain was grown under noninducing conditions (absence of 2-FA). This positive response is consistent with the fact that PsfB is homologous to LysR-type positive regulators.
The results of this work clearly demonstrate that Pseudomonas strains capable of metabolizing furan molecules also have the capacity to detect and respond chemotactically to furans in their environment. Knowledge of the chemotactic response to furans explains the initial facet of bacterial degradation of these industrially important and naturally occurring compounds. The discovery of bacterial chemotaxis to furfural, 2-FA, FA, and 5-HMF expands the known chemotactic repertoire of pseudomonads and is proof of a behavioral response to a class of compounds, furans, that had not previously been examined. The future identification of microbial furan chemoreceptors will provide a more thorough understanding of the furan chemosensory system and allow comparison to the diversity of chemotaxis pathways and chemoreceptors identified in silico (21) .
